Hair Follicle Stem Cells Are Specified and Function in Early Skin Morphogenesis  by Nowak, Jonathan A. et al.
Cell Stem Cell
ArticleHair Follicle Stem Cells Are Specified
and Function in Early Skin Morphogenesis
Jonathan A. Nowak,1 Lisa Polak,1 H. Amalia Pasolli,1 and Elaine Fuchs1,*
1Howard Hughes Medical Institute, Laboratory of Mammalian Cell Biology and Development, The Rockefeller University,
New York, NY 10065, USA
*Correspondence: fuchslb@rockefeller.edu
DOI 10.1016/j.stem.2008.05.009SUMMARY
In adult skin, epithelial hair follicle stem cells (SCs)
reside in a quiescent niche and are essential for
cyclic bouts of hair growth. Niche architecture
becomes pronounced postnatally at the start of the
first hair cycle. Whether SCs exist or function earlier
is unknown. Herewe show that slow-cycling cells ap-
pear early in skin development, express SC markers,
and later give rise to the adult SC population. To test
whether these early slow-cycling cells function asSCs,
we use Sox9-Cre for genetic marking and K14-Cre to
embryonically ablate Sox9, an essential adult SC
gene. We find that the progeny of Sox9-expressing
cells contribute to all skin epithelial lineages and
Sox9 is required for SC specification. In the absence
of early SCs, hair follicle and sebaceous gland
morphogenesis is blocked, and epidermal wound re-
pair is compromised. These findings establish the
existence of early hair follicle SCs and reveal their
physiological importance in tissue morphogenesis.
INTRODUCTION
Adult stem cells (SCs) maintain tissues during normal homeosta-
sis and wound repair. SCs frequently reside in specific niches
that provide the appropriate microenvironment and molecular
cues to preserve proliferative and tissue regenerative potential,
the hallmarks of SCs (Blanpain and Fuchs, 2006; Moore and
Lemischka, 2006). In mammalian hair follicles (HFs), SCs reside
in a relatively quiescent state within a permanent, anatomically
distinct region of the follicle known as the bulge. In adult mice,
bulge SCs can contribute to all three epithelial lineages of skin
(Blanpain et al., 2004; Morris et al., 2004; Oshima et al., 2001).
During normal homeostasis, bulge SCs are periodically acti-
vated to fuel postnatal hair cycles. While the interfollicular epi-
dermis (IFE) and sebaceous gland (SG) both contain resident
populations of unipotent progenitor cells, multipotent bulge
SCs can provide a cellular input to both of these lineages in
a wound environment.
While all HFs have initiated development by P0 when mice are
born, bulge niche architecture is not pronounced until 3 weeks
after birth (P20 to P21) when mice already have a full hair
coat (Cotsarelis, 2006; Schmidt-Ullrich and Paus, 2005). The dis-tinctive appearance of the bulge at this age coincides with the
onset of the growth phase (anagen) of the first postnatal hair
cycle. Where the adult bulge SCs come from and how they orga-
nize within a niche remains unknown. It has been widely as-
sumed that bulge SCs are not needed for embryonic morpho-
genesis, where HFs develop from epidermis rather than the
base of preexisting bulge niches. In support of this notion, two
widely used bulge SC markers, CD34 and a keratin 15-LacZ re-
porter gene, are both upregulated atP20 (Blanpain et al., 2004;
Liu et al., 2003; Trempus et al., 2003). Additionally, while many
studies using postnatal nucleotide tracer pulse-chase experi-
ments have demonstrated the quiescence of adult bulge SCs
(Cotsarelis et al., 1990; Morris and Potten, 1999; Taylor et al.,
2000), the existence of a slow-cycling cell population within
developing HFs has never been reported.
The isolation and transcriptional profiling of bulge SCs have re-
vealed many new markers that offer additional insights into the
characteristics and behavior of follicle SCs. Among the upregu-
lated bulge genes are transcription factors Lhx2, Sox9, Tcf3, and
Nfatc1 (Blanpain et al., 2004; Morris et al., 2004; Trempus et al.,
2003; Tumbar et al., 2004). Interestingly and in contrast to CD34,
their expression begins early in HF morphogenesis, with Lhx2
and Sox9 appearing at the placode stage and Tcf3 and Nfatc1
appearing later during the peg stage (Horsley et al., 2008;
Nguyen et al., 2006; Rhee et al., 2006; Vidal et al., 2005). While
null mutations in all four genes cause embryonic lethality, skin
grafts from Lhx2 and Nfatc1 null embryos develop HFs that con-
tain functional SC niches but display reduced SC quiescence
(Horsley et al., 2008; Rhee et al., 2006). Y10:Cre/Sox9(fl/fl)
mice target Sox9 ablation to postnatal skin, revealing hair-cycle
defects that include a failure of adult bulge SCs to form and/or
express CD34 (Vidal et al., 2005).
Despite the importance of these adult follicle SC transcription
factors and their expression in embryonic skin, it is not known
whether these genes function during morphogenesis. It is simi-
larly unclear how and when the SC niche is established, an issue
that is poorly understood for most tissues harboring stem cells.
In this report, we use a combination of genetics, cell biology,
and in vivo functional assays to investigate the specification
and initial function of epithelial SCs in the hair follicle. We find
that these SCs are specified during the earliest stages of HFmor-
phogenesis and that initial SC specification critically depends on
Sox9. Furthermore, we find that early SCs can contribute to all
three skin epithelial lineages and in their absence, the normal
morphogenesis of HFs and SGs is blocked and epidermal
wound repair is severely compromised.Cell Stem Cell 3, 33–43, July 2008 ª2008 Elsevier Inc. 33
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Slow-Cycling Bulge Cells Are Specified in the Earliest
Stages of Hair Follicle Morphogenesis
In order to determine when the quiescent bulge SC population
is first specified, we modified in vivo pulse-chase experiments
previously employed for labeling adult bulge cells with histone
H2B-GFP (Tumbar et al., 2004). Similar to our previous strat-
egy, we used K5-Tetoff mice to control keratin 5 (K5)-positive
skin epithelial expression of histone H2B-GFP driven by a tetra-
cycline regulatable enhancer, but in this case, we began our
chase at embryonic day 18.5 (E18.5). At this early time, most
hair follicles have been specified but are still in the early stages
of morphogenesis.
In unchased embryos, all skin epithelial cells displayed
H2B-GFP epifluorescence, consistent with strong K5 promoter
activity by E13.5 (Figure 1A). After 3 days of chase (P2), the
brightest H2B-GFP cells in the epidermis were in nonproliferative
suprabasal layers, as expected from the upward mode of termi-
nal differentiation in this tissue. Surprisingly, the brightest cells in
the hair follicle were concentrated in a relatively narrow zone
(bracketed) of outer root sheath (ORS). After 9 days of chase
when HF downgrowth was nearly complete (P8), H2B-GFP
label-retaining cells (LRCs) clustered prominently within this up-
per ORS zone. Marking completion of the pilosebaceous unit
(Schmidt-Ullrich and Paus, 2005), SGs had emerged just above
these LRCs (Figure 1A).
Consistent with their relatively slow-cycling nature, these early
follicle LRCs were largely negative for proliferative nuclear pro-
tein Ki67, which instead marked many cells located both above
(infundibulum) and below (matrix) this zone (Figure 1A). In mature
follicles, a thin trail of H2B-GFP-positive cells (arrowheads) ex-
tended down the ORS from the concentrated LRC zone toward
the hair bulb, which contains the highly proliferative, transit-am-
plifying population of matrix cells responsible for hair production.
Intriguingly, some of the cells within this trail displayed de-
creased nuclear epifluorescence intensity and some were also
negative for Ki67, suggestive of a potential precursor-product
relation between brighter H2B-GFP LRCs in the upper ORS
and dimmer H2B-GFP cells in the lower ORS.
Use of fluorescence-activated cell sorting (FACS) to quantify
label retention in keratinocytes from fractionated epidermis or
HFs (dermis) revealed that unchased HF keratinocytes ex-
pressed relatively uniform amounts of label at E18.5, but after
3 days of chase, the spectrum of GFP fluorescence had broad-
ened, indicating that most HF keratinocytes had divided several
times (Figure S1A). Over 4 days of chase, the HF GFP spectrum
continued to broaden and diminish in intensity, reflecting rapid
cell divisions. That said, a clear tail of GFP-high cells persisted,
indicative of a less proliferative subset of HF cells. The variable
rates of HF cell division contrasted starkly with the more uniform
epidermal cell division rates reflected by symmetric distributions
of label retention (Figure S1A).
To determine whether early LRCs might be related to adult
follicle SCs, we conducted immunofluorescence microscopy
with antibodies against a number of adult bulge markers and
compared their localization patterns with H2B-GFP (Figure 1B).
Consistent with prior reports (Nguyen et al., 2006; Vidal et al.,
2005), transcription factors Tcf3 and Sox9 were expressed in34 Cell Stem Cell 3, 33–43, July 2008 ª2008 Elsevier Inc.P8 ORS. While not restricted to H2B-GFP LRCs, Tcf3- and
Sox9-positive cells included the LRC zone (brackets). Notably,
Nfatc1 and Lhx2 were also expressed in the LRC zone and dis-
played even greater restriction than Tcf3 and Sox9 (arrowheads).
Whether embryonic or adult, the only other place where Nfatc1,
Lhx2, and LRCs are known to colocalize is in adult bulge SCs
(Horsley et al., 2008; Rhee et al., 2006; Tumbar et al., 2004).
To directly evaluate the relation between early follicle LRCs
and adult bulge SCs, we labeled mice until E18.5 and then
chased until P21, when the first postnatal hair cycle is initiated
(Blanpain et al., 2004). After an entire cycle of hair growth,
LRCs marked by H2B-GFP during embryogenesis were still
present at P21 where they localized to the CD34-positive adult
bulge SC niche and secondary hair germ (HG) (Figure 1C). This
result, confirmed by FACS analysis on 22 day chased mice
(Figure S1B), established that the early LRC population present
in chased P2 and P8 follicles is the major contributor to the adult
bulge cells that appear at P20 to P21.
Taken together, these results demonstrate that a quiescent
population of cells is specified early in HF development, that
LRCs localize to a specific region of the growing HF where
they express many SC markers, and that early LRCs persist to
form the adult bulge. Notably, all of these quiescent, presump-
tive bulge cells lost some label during a 22 day chase that cov-
ered the first complete hair cycle, leading us to postulate that
these cells play an active role in HF morphogenesis before being
called upon to drive the periodic growth of the adult hair cycle.
Sox9 Marks a Subset of Placode Cells at the First Stage
of HF Morphogenesis, and Sox9-Expressing Cells Can
Contribute to All Skin Epithelial Lineages
To determinewhether early LRCsmight be important for HFmor-
phogenesis, we traced expression of the known SCmarkers that
we found to colocalize with these cells. Of the four bulge tran-
scription factors, only Lhx2 and Sox9 were known to be ex-
pressed in the early hair placodes (Rhee et al., 2006; Vidal
et al., 2005). We focused on Sox9 as a particularly good candi-
date for regulating LRC establishment during embryogenesis,
since fortuitous postnatal HF targeting of Sox9(fl/fl) mice with
a Y10:Cre transgene had resulted in adult HFs that lacked
CD34 and that could not be maintained (Vidal et al., 2005).
In WT E14.5 embryos, the skin was marked by uniform
E-cadherin expression, and Sox9 protein was not present
(Figure 2A). As predicted from the pattern of Sox9 in situ hybrid-
ization (Vidal et al., 2005), Sox9 protein marked developing
placodes as soon as they could be architecturally discerned
in the main waves of HF specification (E15.5-P0). Interestingly
and unexpectedly, however, nuclear Sox9 protein resided in
the suprabasal cells of the placode rather than in the P-cad-
herin and Lhx2-positive basal layer (Figure 2B). No previous
studies on genes or signaling pathways have uncovered the ex-
istence of this unique Sox9-positive cell population within the
placode.
By the peg stage, Sox9-expressing cells concentrated in a re-
gion in the upper ORS with moderate P-cadherin expression,
while the brightest PCad-positive cells localized to the leading
edge of developing follicles (Figure 1C). Once sebaceous glands
(SG) emerged, it was clear that this Sox9-expressing ORS zone
encompassed the presumptive bulge region (Figure 2D). By P2,
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Specification and Function of Early Skin SCsFigure 1. A Label-Retaining Cell Population Expressing SC Markers
Is Specified Early in HF Morphogenesis and Gives Rise to the Adult
Bulge SC Niche
K5-tetVP16/TRE-H2BGFP double transgenic mice were chased at E18.5 to
shut off H2B-GFP expression and identify label-retaining cells (LRCs) within
the early postnatal skin epithelium (P2–P8).
(A) Appearance of LRCs during HF morphogenesis. Shown are representa-
tive skin sections with green H2B-GFP epifluorescence and counterlabeling
with indicated antibodies (Abs) (red). After 3 days of chase, the brightest
H2B-GFP LRCs in the HF reside in a narrow zone of the upper ORS
(brackets in [A] and [B]) and are distinct from rapidly proliferating (Ki67-
positive) cells, abundant in the infundibulum (In) and matrix (Mx). Arrow-
heads indicate a trail of slightly dimmer H2B-GFP LRCs extending down
the ORS. Dotted lines denote the basement membrane that separates the
interfollicular epidermis (Epi) and HF from the underlying dermis (Der) and
dermal papilla (DP).
(B) Immunofluorescence reveals partial colocalization (brackets, arrowheads)
of LRCs with Abs specific for transcription factors expressed preferentially in
adult bulge cells.
(C) Immunofluorescence shows that after 22 days of chase, LRCs labeled
during embryogenesis are found exclusively in the adult bulge (Bu) nichea trail of Sox9-positive cells extended down the ORS, diminish-
ing toward thematrix which was negative for Sox9. As previously
reported (Vidal et al., 2005), the bulge SCs of adult HFswere pos-
itive for Sox9 (Figure 2E). Real-time PCR on FACS-purified skin
cells revealed background levels of Sox9 mRNA expression in
all populations besides ORS, validating the accuracy of our
Sox9 immunofluorescence results (Figure 2F).
Given the similarity between Sox9 expression and LRC loca-
tion in developing HFs, we wondered whether Sox9-expressing
cells in embryonic skin might actively contribute to HF morpho-
genesis. To test this possibility, we conducted a genetic marking
analysis using Sox9-Cre/R26R skin. In this assay, Sox9-Cre-ex-
pressing cells become permanently marked for LacZ expres-
sion, and all progeny of Sox9-Cre-expressing cells can then be
readily monitored over time by b-galactosidase cleavage of
XGal to generate a blue dye.
Although some portions of backskin express Sox9-Cre as
early as E10.5 (Akiyama et al., 2005), tailskin, which is similar
to backskin (Braun et al., 2003), was free of Sox9-Cre activity
prior to HF development. At E18.5, tailskin XGal reactivity paral-
leled Sox9 immunolabeling, specifically marking cells in the up-
per portion of developing HFs, but remaining absent from the
leading edge of HFs and the IFE (Figure 2G). By P8, however,
HFs were almost entirely blue, demonstrating that the population
of Sox9-expressing cells in the upper ORS had contributed not
only to all differentiated layers of the growing HF but also the
SG. By the end of the first telogen (P21), Sox9-derived progeny
encompassed most if not all cells of the HF, including those of
the infundibulum, SG, bulge, and secondary hair germ, but
were absent from IFE (Figure 2G).
In normal homeostasis, a resident unipotent progenitor popu-
lation within the IFE maintains skin turnover. In response to
wounding, however, adult bulge SCs can be recruited to the
IFE to assist in repair (Ito et al., 2005; Claudinot et al., 2005;
Levy et al., 2007). Interestingly in P3 Sox9-Cre/R26R mice,
scratch wounding resulted in a robust contribution of Sox9-
Cre-marked HF cells into the regenerating IFE (Figure 2G). Taken
together, these studies revealed that Sox9-expressing cells
within developing skin display key properties of adult HF stem
cells in that they contribute to HF and SG morphogenesis and
can repair an injured IFE.
Sox9 Is Required for the Specification of Early Bulge
Cells and Maintenance of Their Characteristics
In conditionally targeted Y10:Cre/Sox9(fl/fl)mice, HFs produced
an atrophic hair coat that was retained into adulthood thereby di-
recting that study to a role for Sox9 in the adult hair cycle (Vidal
et al., 2005). In light of our finding that a Sox9-marked bulge may
form during skin embryogenesis, however, we were intrigued
that hair defects had been noted in Y10:Cre/Sox9(fl/fl) mice as
early as P8 (Vidal et al., 2005). To directly test whether Sox9 is
functionally required for skin morphogenesis, we targeted Sox9
ablation using K14-Cre, active in skin by E13.5. At E16.5, when
many follicles are present only as placodes, the Sox9 locus
(CD34-positive) and secondary hair germ (HG) and not in the K5/K14-positive
basal layer of the sebaceous gland or interfollicular epidermis (Epi). Scale
bars, 50 mm.Cell Stem Cell 3, 33–43, July 2008 ª2008 Elsevier Inc. 35
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Specification and Function of Early Skin SCsFigure 2. Sox9 Is Expressed Early in Developing HFs, and Sox9-Derived Progeny Can Contribute to All Skin Epithelial Lineages
(A–E) Immunofluorescence microscopy with indicated Abs (color coded). Sox9 is first expressed in a few suprabasal cells of the hair placode (Pc), while P-cad-
herin (Pcad) and Lhx2mark basal Pc cells. As morphogenesis proceeds, Sox9 continues to mark a zone of cells within the upper ORS, a region that becomes the
bulge of the adult follicle. Note that during the rapid anagen growth phase at P2, Sox9 expression is absent from the transit-amplifyingmatrix. Dotted lines indicate
epidermal-dermal border. ECad, E-Cadherin.
(F) Real-time PCR of FACS-purified populations from the skin (Rendl et al., 2005) reveals the specificity of Sox9 mRNA expression in the ORS. DF, dermal
fibroblasts; Mc, melanocytes.
(G) Genetic marking studies with Sox9-Cre/R26R reporter mice. Blue XGal staining marks b-galactosidase activity, reflective of Sox9-expressing cells and their
progeny in tail skin HFs. At E18.5, XGal staining is similar to Sox9 protein expression. By P8 and thereafter, the entire HF and SGs are nearly completely comprised
of blue cells, indicating derivation exclusively from Sox9-expressing cells. K14-Cre/R26R skin provides a positive control for XGal reactivity in the IFE. Scratch
wounding of Sox9-Cre/R26R P3mice demonstrates the contribution of Sox9-derived HF cells to the IFE lineage. b4, b4-Integrin. Other abbreviations are as in the
legend for Figure 1. Scale bars, 50 mm.had been efficiently targeted (Figure S2; Figure 3A). At birth,K14-
Cre/Sox9(fl/fl) (cKO) mice were phenotypically distinguished
from WT by an 80% reduction in whisker number, and at P6,
when the hair coat first appears, cKO mice displayed a smooth
epidermal surface with no sign of protruding hairs. As cKO
mice aged, they remained completely devoid of a hair coat
(Figure S2). These findings strongly supported an early role for
Sox9.
The effects of Sox9 ablation during embryogenesis appeared
to be specific for the early SC population in the presumptive
bulge. Thus, despite amorphologically intact, keratin 17-positive
ORS, the thickening that normally marks the location of early
Sox9-positive bulge cells was missing (Figure S3A; Figure 3B).
Moreover, in contrast to WT HFs, where nuclear Nfatc1 marked
a few cells within the presumptive bulge, Nfatc1 was never de-
tected in developing cKO skin (Figure 3C; Figure S3B). Addition-
ally, even though Sox9 was absent in cKO hair germs, Lhx2 was
still expressed initially in its normal location at the leading edge;
however, Lhx2 failed to appear subsequently in the presumptive
bulge (Figure 3D). Finally, although Tcf3 was detected initially in
the ORS of developing cKO follicles, it was progressively lost36 Cell Stem Cell 3, 33–43, July 2008 ª2008 Elsevier Inc.during the first week after birth (Figure 3E). Notably, the earliest
disappearance of Tcf3 occurred within the presumptive bulge
region and then proceeded unidirectionally toward the follicle
base (Figure 3E).
Although establishment of early bulge architecture and gene
expression was clearly impaired in developing Sox9-deficient
HFs, it remained possible that early bulge cells were still pres-
ent within the ORS but could no longer be identified by these
criteria. Since our studies had shown that early bulge cells re-
duce their cycling rate as they develop, we conducted an em-
bryonic BrdU pulse-chase to see if early LRCs were also lost
when Sox9 was absent. Strikingly, significant differences in
the numbers of cKO follicles with LRCs were already evident
by P2 and by P6, follicles with LRCs were diminished by 83
fold (Figure 3F; Figure S3C). The dramatic reduction in LRCs
in the presumptive bulge of Sox9-deficient neonatal HFs was
accompanied by a substantial increase in proliferation in this
zone. A 6 hr pulse of BrdU at P6 revealed an increase of
40% in BrdU-labeled cells within the total Sox9 cKO upper
ORS population, mostly concentrated in the region of the pre-
sumptive bulge (Figure 3G). Similar differences were observed
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Specification and Function of Early Skin SCsFigure 3. Failure of Quiescent Early-Bulge
SCs to Form when Sox9 Is Conditionally
Targeted in Embryonic Skin
WT early bulge region (Bu) and approximate cKO
bulge region (asterisk) are indicated by brackets.
White dotted lines denote epidermal-dermal bor-
der. Abs for immunofluorescence are color-coded.
(A) Immunofluorescence of E16.5 backskin shows
absence of Sox9 in cKO placodes and hair germs.
(B) H&E-stained P2 backskin reveals that the
thickened zone of ORS, which normally develops
just below the SG (curved line), is absent in cKO
HFs.
(C–E) Immunofluorescence shows that Nfatc1
marking developing bulge cells never appears in
cKO follicles. In contrast, Lhx2 is appropriately ex-
pressed at the leading edge of cKO follicles but is
completely lost by P2. Tcf3, expressed in develop-
ing bulge cells and lower ORS, is present in P0
cKO follicles, but is progressively lost, and at P2,
Tcf3 is expressed only in the lower ORS. White
dot in (D) marks autofluorescent hair shaft.
(F) An E17 to E18 embryonic BrdU pulse-chase
demonstrates that early LRCs do not form in
Sox9 cKO HFs. Immunofluorescence shows dis-
crete accumulation of BrdU(+) LRCs in the WT
early bulge region and absence in cKO. After 7
days of chase, an 83 reduction in BrdU LRC(+)
HFs is observed in cKO versus WT follicles. Graph
shows percentages (±SEM).
(G) A 6 hr BrdU pulse at P6 shows enhanced
proliferation in the approximate bulge region of
cKO HFs. Immunofluorescence shows BrdU
incorporation in the ORS, and graph indicates
the percentage (±SEM) of cells in the ORS or IFE
positive for BrdU incorporation. Asterisk indicates
p value < 0.05. Scale bars, 50 mm.with proliferation markers Ki67 and G1/S-regulatory kinase
Cdk4 (Figures S3D and S3E).
Our findings unveiled new requirements for Sox9, namely in
the early expression and maintenance of transcription factors
and slow-cycling bulge SC features that we found to be estab-
lished during embryogenesis, long before other bulge markers,
such as CD34, appear. When taken together with our earlier
label-retaining and genetic marking studies, these additional
data provided compelling evidence that not only does a popula-
tion of early bulge stem cells form during skin development,
but that its features critically rely upon one of the transcription
factors that marks it.
Early Bulge Cells Are Required to Maintain
a Transit-Amplifying Population of Matrix Cells
Needed to Complete HF Morphogenesis
We next addressed our finding that Sox9-dependent early bulge
SCs form during HF morphogenesis in the context of the absent
hair coat phenotype of Sox9 cKO mice. Histological analysis of
skin from our P0 cKO mice revealed no significant differences
in overall HF density or developmental stage (Figure 4A;
Figure S4A). By contrast, differences in HF length were already
evident at P0, and by P6, cKO follicles averaged 60% the
length of WT follicles (Figure 4A). Despite gross perturbationsin HF length, overall morphology and biochemical features of
HF differentiation were relatively normal, and the ORS, inner
root sheath (IRS), and hair shaft all appeared to be present and
correctly organized (Figures S4B–S4H). Importantly, K14-Cre
targeted Sox9 ablation efficiently prior to the main waves of
HF specification and well before differentiated HF lineages
developed. Thus, rather than specifying HFs or governing their
differentiation, Sox9 appeared to function in maintaining the
growth of HFs once morphogenesis was initiated.
To investigate this fascinating possibility further, we returned
to Sox9-Cre/R26R mice, this time focusing on the developmen-
tal activity of Sox9-expressing cells at the same time points
when defects became apparent in Sox9 cKO mice. At P0 and
P2, blue cells were detected in the upper ORS (bracketed)
(Figure 4B). Notably, the initial matrix was negative for XGal reac-
tivity. By P4, however, a trail of blue cells extended from the ORS
into the matrix (Figure 4B, arrowheads). By P7, most matrix cells
were blue, and only small patches of negative cells could be
detected within the hair bulb (asterisk). Since the matrix was
negative for Sox9mRNA and protein, the progressive expansion
of XGal reactivity into these compartments at the expense of
unmarked cells implies that, during early HF development,
Sox9-expressing cells provide an active input to the newly
formed matrix, whose initial residents are transient.Cell Stem Cell 3, 33–43, July 2008 ª2008 Elsevier Inc. 37
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Maintain a Transit-Amplifying Matrix
Population
(A) H&E-stained backskin reveals normal HF den-
sity but impaired HF growth. Box and whisker
plots quantify HF length and reveal defects by
P0: minimum and maximum lengths are marked
bywhiskers; upper and lower box boundaries indi-
cate quartile divisions; central line indicates
median; and square dot indicates mean length.
(B) Genetic marking studies with Sox9-Cre/R26R
reporter mice. Blue XGal staining marks Sox9-
expressing cells and their progeny, demonstrating
a temporal progression of blue ORS cells that
move to and enter the matrix (Mx), eventually
replacing all prior Mx cells during HF morphogen-
esis. The mesenchymal DP encapsulated by the
Mx and melanocytes (Mc) are not affected. How-
ever, Mc provide brown pigment to differentiating
hair shaft cells, giving some intermingled blue and
brown cells. Asterisk indicates XGal-negative Mx
cells.
(C) Immunofluorescent tracking of Ki67 positive
Mx cells over time. The cKOMx expands only tran-
siently before reaching an abnormally small maxi-
mal size. After P2, the cKOMx shrinks and ceases
proliferation. Representative examples are shown.
ECad, E-cadherin. Graph displays the average
number ofKi67positive cells (±SD) found in theMx.
(D) Mx proliferation and differentiation kinetics
were analyzed by short BrdU pulse-chases at
P4. Note that the percentage of BrdU-positive
cells in the lower ORS was lower in cKO HFs com-
pared to WT at both the 12 hr and 20 hr time
points, whereas the percentage of total BrdU-pos-
itive cells and BrdU/AE13 double-positive, differ-
entiated cells was largely unchanged. Graphs
indicate averages (±SEM). Asterisk indicates
p value < 0.05. Scale bars, 50 mm.To test whether the loss of early bulge SCs in Sox9 cKO mice
might result in an early failure to maintain the transit-amplifying
matrix population, we next analyzed matrix size over time. No
differences were noted at P0, suggesting that initial specification
of matrix was unimpaired in the absence of early SCs (Figure 4C).
However, in contrast to WT matrix, which gradually expanded
from P0 to P10, Sox9 cKOmatrix only transiently expanded until
P2 before it began to shrink and nearly disappear by P10
(Figure 4C). Concomitant with the loss of Ki67-positive matrix
cells was an abrupt change in dermal papilla morphology
(Figure S5), commensurate with that known to occur upon exit
of HFs from the growth phase of the hair cycle (Stenn and
Paus, 2001). Moreover, Sox9 cKO HFs failed to proceed through
any further stages of the hair cycle at later time points, consistent
with the requirement of HF SCs in driving hair-cycle progression
(data not shown) and with the absence of a hair coat in our mice.
Direct evidence for a decreased input of SCs to the matrix in
Sox9 cKO HFs was provided by a series of short BrdU pulse-
chase experiments, which allowed us to distinguish possible
causes of a smaller matrix population, including precocious dif-38 Cell Stem Cell 3, 33–43, July 2008 ª2008 Elsevier Inc.ferentiation, decreased proliferation, or impaired input of SCs to
the matrix. At all times, the percentage of BrdU-positive cells per
bulb was similar, suggesting that cKO cells proliferate at the
same rate as WT cells (Figure 4D; Figure S6A). Additionally,
only minor differences in differentiation rates were detected,
suggesting that the relative balance of proliferation and differen-
tiation was largely unimpaired (Figure 4D; Figure S6A). The cKO
HFs were also generally free of apoptotic cells, suggesting that
cell death was not a major cause of smaller matrix size
(Figure S7). Strikingly, however, cKO HFs displayed a marked
decline in ORS input to the matrix, with an 33% reduction in
the percentage of BrdU-positive cells in the lower ORS at 12 hr
and an 50% reduction at 20 hr (Figure 4D; Figure S6A).
Based upon these results, the initial cells that formed the
matrix and differentiated HF lineages appeared to be transient
and not dependent upon Sox9 for their formation. However,
without the Sox9-positive early bulge SCs, this pool of transit-
amplifying matrix cells was not maintained, and as a direct
consequence, HFs did not progress through the growth phase
of the hair cycle.
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of the Sebaceous Lineage
Although SGs possess their own resident unipotent progenitors
marked by Blimp1, adult bulge SCs can differentiate along a se-
baceous lineage in a wound environment or when SG progeni-
tors are defective (Blanpain et al., 2004; Horsley et al., 2006;
Morris et al., 2004). Based upon our Sox9-Cre marking results
and the temporal appearance of early bulge SCs prior to devel-
opment of SGs, we wondered whether early bulge SCs might be
essential for this lineage. Indeed, Blimp1-positive SG progeni-
tors were absent in cKO follicles (Figure 5A). Also missing was
PPARg, a key sebocyte differentiation marker (Figure 5B). Lipid
dye (oil red O), which normally permits visualization of SG mor-
phology by P6, only stained the subcutaneous adipocytes and
revealed no signs of SGs in cKO follicles (Figure 5C).
Early Bulge Cells Are Required for Follicle-Mediated
Regeneration of the Interfollicular Epidermis
in a Wound Environment
Our genetic marking experiments using Sox9-Cremice also pro-
vided evidence that HF cells derived from a Sox9-expressing
population can contribute to repair of wounded IFE. To test
whether Sox9-expressing early bulge SCs might be essential
for efficient HF contribution to IFE repair, we conducted engraft-
ment experiments onNudemouse recipients with split thickness
P0.5 dermis/HF tissue (Figure S8A). Pilot experiments with K14-
H2BGFP mice validated the split thickness grafting technique,
yielding >90% GFP-positive donor cell IFE reconstitution
(Figures S8B and S8C). To distinguish donor from host cell con-
tributions in our Sox9 test grafts, male skins were grafted onto
female Nude recipients, and fluorescent in situ hybridizations
were performed with a Y chromosome-specific probe (Y-FISH).
The data from the engraftments of Sox9 cKO versus WT skins
are summarized in Figure 6. Full and split thickness grafts from
WT mice displayed comparably thick, uniform hair coats, and
quantification of skin surface areas revealed no significant differ-
ences. Similarly, although full thickness grafts from Sox9 cKO
skin lacked hair and showed a slightly scaly epidermis, the aver-
age graft areas were similar to WT. All of these grafts expanded
in size over time, indicating their robust nature in growth and abil-
ity to repair wounds. Y-FISH revealed that the IFE of all of these
grafts was almost completely donor-derived.
While split thickness grafts from cKO skin were initially the
same size as the other grafts, they always shrank substantially
within a 6week period and displayedmarkedly reduced numbers
(typically 15%) of Y-positive IFE cells (Figures 6A and 6C). The
presence of Y-positive dermal cells underlying theY-negative IFE
confirmed the efficacy of the initial grafting procedure, and a de-
lay in IFE regenerationwas ruled out bymonitoring grafts for up to
16 weeks after engraftment (Figures 6B and 6D), at which time
the percentage of Y-positive IFE cells had further decreased.
These experiments revealed that, despite their later acquisition
of IFE markers (Figure S9), neonatal Sox9 cKO HFs lacking early
SCs are severely impaired in their ability to repair damaged IFE.
DISCUSSION
Since slow-cycling is a hallmark of cells residing in the adult
bulge SC niche (Cotsarelis et al., 1990; Morris and Potten, 1999;Taylor et al., 2000), we reasoned that by determining when and
where quiescence is established, we might use this property to
identify and characterize an early SC population within HFs
and trace the development of adult SCs. Our embryonic pulse-
chase studies demonstrated that HF LRCs are specified early
in morphogenesis and begin to accumulate in a specific region
of the HF where they express bulge-preferred transcription fac-
tors. Although early expression of several of these markers has
been noted previously, the physiological significance of their ex-
pression at this early time had not been realized nor was it known
that their expression correlatedwith the emergence of a develop-
ing niche of LRCs. Our studies place these earlier clues in per-
spective and firmly establish the existence of a functional niche
of multipotent, slow-cycling SCs within early developing HFs.
Figure 5. Early Bulge SCs Are Required to Form the Complete
Pilosebaceous Unit
(A) Immunohistochemical analysis of Blimp1 expression shows an absence of
unipotent SG progenitors in the upper ORS of Sox9 cKO HFs where the SG
should normally form. Arrows indicate Blimp1-positive cells in the early SG
of a WT HF. Note that Blimp1 is still appropriately expressed in subrabasal
cells of cKO epidermis (arrowheads).
(B) Immunofluorescence reveals that PPARg, a sebocyte differentiation
marker (bracket, SG), is absent in cKO follicles (bracket, asterisk).
(C) Detection of lipids by oil red O staining reveals no evidence of lipid-accu-
mulating SGs (arrows) associated with cKO follicles (asterisks). By contrast,
the formation of dermal fat is not affected when Sox9 is conditionally targeted
by K14-Cre. Hem, hematoxylin. Other abbreviations are as in the legend for
Figure 1. Scale bars, 50 mm.Cell Stem Cell 3, 33–43, July 2008 ª2008 Elsevier Inc. 39
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Specification and Function of Early Skin SCsFigure 6. Early Bulge SCs Are Required for HF-Mediated Wound Repair of Interfollicular Epidermis
Full thickness (epidermis and dermis/HFs) and split thickness (dermis/HFs) skins from newborn male WT and Sox9 cKO mice were grafted onto female Nude
recipients and analyzed for their gross appearance 6 weeks after placement (A) and contribution of engrafted cells to the repaired epithelium, as judged by
Y-chromosome in situ hybridization (Y-FISH) (B). Quantifications of these data are presented in (C) and (D), respectively. Notes: (1) WT grafts were shaved to
expose skin surface. Insets in (A) show unshaved hair coat. (2) Quantifications in (C) are of average graft areas (±SD) from 10 experiments. Full thickness WT
and cKO grafts have a similar average area, while split thickness cKO grafts are smaller compared to split thickness WT grafts at 6 weeks. All grafts except
cKO split thickness increased in area over time. (3) Y-FISH reveals that Sox9 cKO HFs are impaired in contributing to the epidermis (Epi). (4) Full thickness grafts
show abundant Y chromosome labeling, indicating donor origin and efficacy of the engraftments. (5) Split thickness grafts show a striking absence of Y-positive
cells in cKO versus WT epidermis. Only Nude-derived, Y-negative cells exist in the re-epithelialized cKO epidermis. Panels in (B0 ) represent enlargements of
boxed areas in (B) and illustrate Y-positive cells (arrowheads) in the dermis of all grafts. Dottedwhite lines indicate epidermal-dermal border. Graph in (D) indicates
the average percent Y-positive cells in the basal layer (±SD). Asterisk indicates statistical significance of p < 0.01. Scale bars, 50 mm.Importantly, by extending the chase after embryonic labeling,
we demonstrated that early LRCs are the direct precursors of
the LRCs that reside in the adult bulge niche. Interestingly, while
early LRCs express many of the same transcription factors that
adult bulge cells do, they do not express CD34, which has widely
been used as a key SCmarker (Trempus et al., 2003;Morris et al.,
2004; Blanpain et al., 2004). While the physiological significance
of CD34 remains unclear, Sox9 has emerged as a key regulator of
stem cell identity, marking both early and adult SCs. Sox9 also
marks the trail of follicle SCs that appear to migrate from the
bulge to the transit amplifyingmatrix during theHF growth phase.
By taking advantage of Sox9 as a marker of early LRCs, we
were able to trace the origins of early bulge SCs to the hair pla-
code. It is intriguing that placodes consist of two populations of
cells that can be distinguished by their differential expression of40 Cell Stem Cell 3, 33–43, July 2008 ª2008 Elsevier Inc.Lhx2 and Sox9, since these two markers are later coexpressed
not only by early bulge SCs but also adult bulge SCs. Our
Sox9 genetic marking studies suggest that the early basal pla-
code cells that aremarked by Lhx2 and P-cadherin are transient.
They give rise to the initial hair bulb, but then seem to disappear
entirely by P7. By contrast, the Sox9-expressing cell popula-
tion, which starts as only a few cells within the suprabasal layer
of the placode, gives rise not only to the long-lived, self-renewing
SCs of the bulge but also the entire pilosebaceous unit, including
the infundibulum. Moreover, concomitant with the emergence of
Sox9-positive early LRCs is the expression of Lhx2, Nfatc1, and
Tcf3, which thereafter continue to identify the multipotent SCs of
the HF.
In the adult follicle, the active, cycling portion is thought to
originate from bulge SCs (Ito et al., 2004). How and why is
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HF morphogenesis? While additional experiments will be neces-
sary to fully elucidate the significance of this finding, it is interest-
ing that a developmental paradigm of using separate TA and SC
populations during morphogenesis has also been described in
blood development, where a transient burst of primitive hemato-
poietic progenitors is later replaced by definitive hematopoietic
SCs (Orkin and Zon, 2008). Our studies now pave the way for
examining expression patterns of other adult SC markers in
these two placode residences and should allow us to predict
how a given gene might function to control subsequent HF
morphogenesis.
The existence of an initial pool of Sox9-independent matrix
cells explains why HF morphogenesis and differentiation begin
normally in Sox9 cKO embryos. The premature exhaustion of
these transient cells in the absence of subsequent input from
Sox9-positive SCs further explains why HF maturation and hair
production halt midstream during morphogenesis. These find-
ings also demonstrate convincingly that the initial matrix relies
upon input from early Sox9-positive SCs for its maturation, and
that matrix cells cannot enhance their own self-renewal to
compensate for a lack of early bulge SC input.
Some years ago, Oshima et al. (2001) observed that in the
anagen phase of the adult rat whisker, bulge cells continue to
migrate along the ORS to the hair follicle bulb where they be-
come matrix cells. Since this initial report, it has been widely
debated whether this phenomenon is merely another feature
unique to whisker follicles or whether backskin bulge SCs pos-
ess similar activity. Our studies on the development of WT and
Sox9-deficient backskin follicles not only provide compelling
evidence in support of the Oshima studies, but also show
that the fueling of the matrix by Sox9-positive bulge cells is
functionally required to maintain the matrix.
Another surprising finding that emerged from targeting Sox9
ablation in the embryo was that SGs failed to form, even though
Sox9 was not expressed in the SG lineage or its resident progen-
itors. The dependency of the SG lineage on Sox9-expressing
cells was particularly intriguing considering that the emergence
of Sox9-marked LRCs occurred just before that of sebaceous
glands. Taken together, the inability of HF morphogenesis to
proceed without Sox9-positive cells and the failure of SGs to
form altogether establishes the early Sox9-expressing popula-
tion as a multipotent SC pool essential for completing skin
morphogenesis. These important conclusions could not be pre-
dicted from postnatal ablation of Sox9 in the skin (Vidal et al.,
2005), and they provide major new insights into the existence
and usage of a follicle stem cell population at a stage and for
a purpose that has hitherto been unanticipated.
Although nucleotide double-labeling experiments have de-
tected HF-derived contributions to the IFE of young neonatal
mice (Taylor et al., 2000), lineage tracing studies with a
Shh-Cre reporter active in the developing placode suggest that
the development of HFs and IFE involves distinct progenitors
(Levy et al., 2005). Our Sox9-Cre lineage tracing experiments
are consistent with Shh-Cre studies in showing that Sox9-Cre
marked cells in the HF do not contribute to IFE either during its
development or its subsequent homeostasis. However, our
studies further revealed that in a wound response, Sox9-Cre-
marked HF cells in neonatal mice were robustly recruited torepair the IFE. This finding underscored the similarities between
early bulge SCs and adult bulge SCs aiding in IFE repair (Ito et al.,
2005; Levy et al., 2005, 2007; Tumbar et al., 2004). Our split
thickness grafting approach allowed us to further measure the
IFE reconstitution efficiency of early bulge SCs in a wound re-
sponse and in long-term wound repair. Not only did HF-derived
progeny repopulate the IFE with close to 100% efficiency, but
these cells were also maintained stably over a 4 month period.
Moreover, HFs from Sox9 cKO mice lacking early SCs were
highly impaired in regenerating IFE, suggesting that early SCs
may be essential in order for follicles to participate in this
process.
Our model summarizing the roles of Sox9-dependent early
SCs in skinmorphogenesis is presented in Figure 7.We’ve found
that a quiescent SC population is formed during the earliest
stages of HFmorphogenesis and subsequently gives rise to cells
in the adult bulge SC niche. This early SC population is essential
for normal morphogenesis of both HFs and SGs, and it robustly
contributes to the IFE lineage in a wound environment. While we
have identified a single gene,Sox9, which is required for early SC
Figure 7. Model Depicting Roles for Sox9 during Embryonic and
Early Postnatal Skin Development
(A) Sox9 expression begins in the hair placode, where it marks a few supra-
basal cells overlying PCad/Lhx2-positive basal cells at the leading edge. It
persists in the upper ORS, where it overlaps with the quiescent LRCs that
give rise to the adult bulge.
(B) Genetic marking is consistent with the notion that Sox9 labels presumptive
bulge stem cells within the upper ORS of the developing HF. As HF morpho-
genesis proceeds, Sox9-expressing cells give rise to the ORS that extends
below the early bulge and also the emerging SG above the early bulge. Sub-
sequently, Sox9-expressing cells move down the ORS and completely replace
the initial matrix, which is likely to be derived from the Lhx2-positive basal cells
of the placode. Upon completion of morphogenesis, the entire HF is com-
posed of Sox9-expressing cells and their progeny. In the presence of a wound
stimulus, the progeny of Sox9-expressing cells can robustly contribute to IFE
repair.
(C) Conditional ablation of Sox9 prior to HF morphogenesis reveals that in the
absence of Sox9, an early bulge SC population never forms, and all three
epithelial lineages are affected. HF differentiation is initially unimpaired, but
a lack of SC input to replenish transit-amplifying matrix cells results in aborted
hair production. The sebaceous gland never forms in the absence of SCs, and
HF contribution to wounded IFE is markedly impaired.Cell Stem Cell 3, 33–43, July 2008 ª2008 Elsevier Inc. 41
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tion of additional molecules and pathways involved in the forma-
tion and regulation of these early SCs. A comprehensive under-
standing of the embryonic origins of SC development is an
essential first step not only for normal tissue biology but also
for a wide variety of human diseases, including cancers, where
SC and/or niche biology is genetically altered.
EXPERIMENTAL PROCEDURES
Mice and Labeling Experiments
K14-H2BGFP (Tumbar et al., 2004), BATGal (Maretto et al., 2003), and
pTRE-H2BGFP/K5-tetVP16 (Tumbar et al., 2004) mice have been des-
cribed. Sox9-IRES-Cre mice (Akiyama et al., 2005) were crossed to
ROSA26Flox-Stop-Flox-bgeo (R26R) mice (Mao et al., 1999). Sox9flox/flox mice
(Akiyama et al., 2002) were crossed with K14-Cre mice (Vasioukhin et al.,
1999).
For H2B-GFP pulse-chase experiments, pregnant pTRE-H2BGFP/K5-
tetVP16 females with known plug dates were fed continuously with doxycy-
cline chow beginning at E18.5. 5-Bromo-20-deoxyuridine (BrdU) embryonic
pulse-chase experiments were conducted by injecting pregnant females car-
rying E17.5 embryos with an intraperitoneal (IP) loading dose of 50 mg/g BrdU
and adding BrdU to drinking water for a 24 hr period at 0.8 mg/ml. Postnatal
BrdU experiments were conducted by single IP injection of 50 mg/g BrdU.
Engraftment Experiments
Full thickness grafts from newborn mice were performed as described (Rhee
et al., 2006). For split thickness grafts, backskin from P0 mice was placed
dermis-side down in 5 mM EDTA in PBS for 1 hr at 37C. The epidermis was
then removed as a single sheet from HF/dermis, which was then grafted in
the same manner as full thickness grafts. In all cases, paired WT and cKO
tissues of identical size were grafted on a single Nude recipient. Bandages
were removed 12–14 days after grafting. Graft area was measured using
a Canon Powershot S70 camera attached to a dissecting microscope and
quantified using ImageJ software and a calibrated standard area.
FACS Analysis
HF/dermis cells from P0.5-P6 mice were isolated as previously described
(Rendl et al., 2005), and epidermal cells were isolated by brief trypsinization
of the epidermal sheet removed from full thickness skin after overnight 4Cdis-
pase treatment. Cell isolation from P21 mice and all FACS stainings were per-
formed as previously described (Blanpain et al., 2004). FACS analyses were
performed on a FACSCalibur flow cytometer (BDBiosciences) using CellQuest
Pro software.
RNA Analysis
Epidermal cells were collected by trypsinization of either full thickness E16.5
skin or dispase-separated epidermis from P0.5 and P4 skin. ORS, Mx, DP,
DF, and Mc populations were prepared as previously described (Rendl
et al., 2005). Total RNAwas isolated using the Absolutely RNAKit (Stratagene),
and cDNA was synthesized using SuperScript III (Invitrogen). RT-PCR was
performed on a LightCycler 480 (Roche) using SYBR Green I master mix.
Sox9mRNA expression levels were expressed as a function of GADPHmRNA.
Histology
Skins were embedded in OCT, frozen, sectioned, and fixed in 4% paraformal-
dehyde. Immunofluoresence, XGal staining, hematoxylin/eosin staining, and in
situ hybridizations were performed on OCT sections as previously described
(Kaufman et al., 2003). Alkaline phosphatase detection of DP and oil red O
staining of SGs were performed on OCT sections as previously described
(Horsley et al., 2006; Rendl et al., 2005). Y-FISH analysis was performed on
OCT sections using a Cy3 Star*FISH detection kit (Cambio). For immunohisto-
chemistry, skins were fixed in formaldehyde and then dehydrated and embed-
ded in paraffin. Antigen unmasking was performed using a Retriever 2100 for
20min (Pick Cell Laboratories BV). Detection of immunohistochemical staining
was performed using a Vectastain ABC kit (Vector Laboratories). Student’s t
test was used to determine statistical significance.42 Cell Stem Cell 3, 33–43, July 2008 ª2008 Elsevier Inc.SUPPLEMENTAL DATA
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